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Abstract
Low-frequency low-field magnetic susceptibility measurements were made on four samples of mammalian tissue iron oxide
deposits. The samples comprised: (1) horse spleen ferritin; (2) dugong liver hemosiderin; (3) thalassemic human spleen
ferritin; and (4) crude thalassemic human spleen hemosiderin. These samples were chosen because Mo«ssbauer spectroscopic
measurements on the samples indicated that they exemplified the variation in magnetic and mineral structure found in
mammalian tissue iron oxide deposits. The AC-magnetic susceptometry yielded information on the magnetization kinetics of
the four samples indicating samples 1, 2, and 3 to be superparamagnetic with values of around 1011 s31 for the pre-
exponential frequency factor in the Ne¤el^Arrhenius equation and values for characteristic magnetic anisotropy energy
barriers in the range 250^400 K. Sample 4 was indicated to be paramagnetic at all temperatures above 1.3 K. The AC-
magnetic susceptometry data also indicated a larger magnetic anisotropy energy distribution in the dugong liver sample
compared with samples 1 and 3 in agreement with previous Mo«ssbauer spectroscopic data on these samples. At temperatures
below 200 K, samples 1^3 exhibited Curie^Weiss law behavior, indicating weak particle^particle interactions tending to favor
antiparallel alignment of the particle magnetic moments. These interactions were strongest for the dugong liver hemosiderin,
possibly reflecting the smaller separation between mineral particles in this sample. This is the first magnetic susceptometry
study of hemosiderin iron deposits and demonstrates that the AC-magnetic susceptometry technique is a fast and informative
method of studying such tissue iron oxide deposits. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction
Most living systems are able to store iron in the
form of nanoscale particles of iron(III) oxyhydroxide
encapsulated by the protein ferritin. Each molecule
of ferritin consists of 24 subunits which are as-
sembled to form an approximately spherical cage-
like structure of external diameter 12 nm [1]. The
internal cavity of the structure, within which the
iron(III) oxyhydroxide particle is stored, has a diam-
eter of approximately 8 nm. Thus the cavity limits
the number of iron atoms in each particle to a max-
imum of approximately 4500. The protein shell sur-
rounding each particle renders it water-soluble.
Under some circumstances, e.g. pathological condi-
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tions of iron-overload, insoluble iron(III) oxyhydrox-
ide particles are found to be deposited in biological
tissue [2,3]. This form of iron deposit is often termed
hemosiderin. Hemosiderin may be a degradation
product of ferritin or may be formed indepen-
dently. Hemosiderin is not associated with well-
formed protein cavities and as such the particle size
distribution may be less restricted when compared
with ferritin.
The structure of the iron(III) oxyhydroxide par-
ticle of most ferritins is based on that of the mineral
ferrihydrite (5Fe2O3W9H2O) with varying amounts of
phosphate incorporated [2]. In some cases, such as
the bacterioferritins from Azotobacter vinelandii and
Pseudomonas aeruginosa, the phosphate content is
large so that the composition is better described as
a hydrated iron(III) oxyphosphate [4,5]. The degree
of crystallinity of the particles within ferritins can
also vary from the well-ordered structure of ferrihy-
drite through to a non-crystalline state as determined
by electron di¡raction measurements. The degree of
crystallinity and particle size distribution of the in-
organic particles in a native ferritin depend on the
source of the ferritin and have also been observed to
vary with pathological condition [6].
The variations in structure of the mineral particles
in hemosiderins are even more marked than those in
ferritins [2,7,8]. Three di¡erent particle structures
have been identi¢ed, namely (1) a structure based
on that of ferrihydrite; (2) a highly defect structure
based on that of the mineral goethite (K-FeOOH);
and (3) a non-crystalline iron(III) structure. The par-
ticle size distributions in hemosiderins are often dif-
¢cult to measure because of aggregation. However,
transmission electron microscope observations
clearly indicate that the distributions are generally
broader than those of ferritins. Like ferritins, the
structural and compositional characteristics of hemo-
siderin vary with biological source and pathological
condition [2,7^9].
The methodology used to assign these solid state
structures to the hemosiderins was based on the bio-
chemical isolation of the hemosiderins from tissue
samples followed by characterization using Mo«ssbau-
er spectroscopy and electron di¡raction. All three
structures have been observed to occur in human
tissues under varying pathological conditions. This
chemical speciation of hemosiderin iron oxides is of
importance because the di¡erent structures are ex-
pected: (1) to have di¡erent degrees of toxicity; (2)
to have di¡erent reactivities with chelating drugs;
and (3) to re£ect di¡erent mechanisms of iron depo-
sition. Subsequent to the discovery of the three dif-
ferent structures, several workers have used Mo«ssba-
uer spectroscopy of frozen or freeze dried tissue
specimens to elucidate the structures of the iron ox-
ide deposits present in situ. This has proved to be a
powerful technique, allowing characterization of iron
oxide structures in many more tissue specimens with-
out the need for biochemically isolating the iron ox-
ide deposits from the tissue. The three di¡erent iron
oxide structures can be di¡erentiated with the use of
Mo«ssbauer spectroscopy by virtue of their di¡erent
temperature-dependent magnetic behavior. Thus,
Mo«ssbauer spectroscopic measurements generally
need to be made at several di¡erent sample temper-
atures in order to characterize the magnetic behavior
su⁄ciently for determination of the structures
present. A disadvantage of the Mo«ssbauer spectros-
copic technique is that each spectrum requires at
least 24 h (and usually more) for data collection.
Thus one sample may require 1 week or more for
full characterization.
In this paper, we present results of the ¢rst ever
use of AC-magnetic susceptibility measurements to
characterize the temperature-dependent magnetic be-
havior of hemosiderins. We show that this technique
yields greater detail about the temperature-dependent
magnetic behavior of hemosiderins and that the data
can be collected on a time-scale one order of magni-
tude smaller than that required for Mo«ssbauer spec-
troscopy. This opens the way for larger scale studies
of the structure of iron oxide deposits in iron-loaded
tissues. In addition, a detailed knowledge of the mag-
netic properties of pathological tissue iron oxide de-
posits is necessary for the interpretation of magnetic
resonance images of iron loaded tissues [10,11].
The present study uses low-¢eld low-frequency
AC-magnetic susceptometry to measure the temper-
ature-dependent magnetic properties of two hemosid-
erins and two ferritins. The samples discussed in this
report have been characterized by Mo«ssbauer spec-
troscopy to varying extents in previous studies
[12^14] and were chosen for study because they
exemplify the variation in mineral structure found
in mammalian tissue iron deposits.
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2. AC-magnetic susceptometry of ferritin and
hemosiderin
The mineral particles of ferritin and hemosiderin
are usually considered to be antiferromagnetically
ordered and single domain at low temperatures [2].
Each particle generally has a small net magnetic mo-
ment due to uncompensated atomic spins at the sur-
face of the particle or at crystal defects within the
particle. A broad distribution of particle magnetic
moments is expected because of the random origin
of the net moment. Magnetocrystalline anisotropy
¢elds result in low energy orientations of the mag-
netic moment of each particle relative to the particle
axes, each low energy orientation being separated
from the others by magnetic anisotropy energy bar-
riers. In the simplest case of uniaxial anisotropy,
there are two antiparallel low-energy orientations
separated by a single energy barrier. The magnetic
moment of each particle can make transitions be-
tween the low energy orientations by thermal activa-
tion over the energy barrier. For a single particle
with barrier energy E0, this process follows the
Ne¤el^Arrhenius relation [15]
d r  1f 0
 
exp
E0
kBT
 
1
where dr is the relaxation time of the particle mag-
netic moment, f0 is the attempt frequency of the
transition, kB is Boltzmann’s constant, and T is the
temperature. For a measurement technique with a
characteristic frequency f, there will be a character-
istic temperature called the blocking temperature, Tb,
below which the particle magnetization will appear
to be trapped in one low energy orientation. Tb for a
single particle is de¢ned as the temperature at which
dr = 1/f and thus is given by
Tb  E0
kBln
f
f 0
  2
AC-magnetic susceptometry is well suited to the
study of such magnetic properties because of the ad-
justable time scale of measurement. In addition, very
small magnetic ¢elds are used thus minimizing the
e¡ect of the external ¢eld on the particle moment
relaxation time. The complex AC-magnetic suscepti-
bility, M, is measured as real (in-phase) and imaginary
(quadrature) components, denoted MP and MQ, respec-
tively, such that
M f   M 0f 3iM 00f  3
For a simple superparamagnetic system [16], these
components can be written as
M 0f   NW
2
eff
3kBT 1 f d r2 4
M 00f   NW
2
eff f d r
3kBT 1 f d r2 5
Here N and Weff are the number and e¡ective mag-
netic moment of the magnetic entities in the sample,
and dr is the relaxation time which is exponentially
dependent on temperature (Eq. 1). In real systems,
this description is complicated by distributions of
particle size, magnetic anisotropy energy, and mag-
netic moment per particle. However, at high temper-
atures, when fdr6 6 1, the expression for MP reduces
to the Curie law and MQ tends to zero such that
M  M 0  NW
2
eff
3kBT
6
The presence of magnetic interactions between the
particles in a sample may modify this high temper-
ature behavior such that a Curie^Weiss law is a more
appropriate description,
M  M 0  NW
2
eff
3kBT3a p 7
where ap is a temperature characteristic of the
strength of the magnetic interactions between the
particles. A positive value of ap indicates interactions
favoring parallel alignment of particle moments,
while a negative value indicates interactions that fa-
vor antiparallel alignment of particle moments.
3. Materials and methods
Native horse spleen ferritin was obtained from Sig-
ma and was then freeze dried.
Dugong liver was obtained from a mature female
dugong. Details of the preparation of the freeze-dried
liver sample are described elsewhere [14], the same
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dugong liver being used in this report. A sample of
the tissue was homogenized at 4‡C in sodium chlo-
ride solution (0.9% w/v NaCl) in a ratio of 1 g tissue
to 5 ml of the solution. Protease inhibitor, 0.12 mM
phenylmethylsulfonyl £uoride (PMSF) in propan-1-
ol was added to the NaCl solution. The homogenate
was centrifuged at 6000 Ug for 30 min at 4‡C. The
supernatant was removed and the pellet was reho-
mogenized in the NaCl solution before being centri-
fuged again several times, each time the supernatant
being removed until a clear supernatant was ob-
tained. A ¢nal rehomogenization in distilled water
followed by centrifugation yielded a pellet that is
termed crude hemosiderin because all the iron con-
tained within the pellet is insoluble iron. The major-
ity of the iron in the dugong liver is in the form of
insoluble hemosiderin granules.
Human spleens (n = 4) were obtained post mortem
and post splenectomy from L-thalassemia/Hemoglo-
bin E patients at Siriraj Hospital, Bangkok. Details
of the isolation of the ferritin from these tissues have
been reported elsewhere [17,18] as have details for
the isolation of the crude hemosiderin [12]. Both
the human spleen ferritin and crude hemosiderin
were freeze dried prior to measurement by AC-mag-
netic susceptometry.
The iron content of each freeze dried sample was
measured by inductively coupled plasma spectrome-
try.
Samples were packed into gelatine capsules for
AC-magnetic susceptometry measurement. The AC-
magnetic susceptometer was built by Valter Stro«m
and Johan Jo«nson. Details of the design will be pub-
lished in the near future. A lock-in ampli¢er allowed
measurements of both in-phase (MP) and quadrature
(MQ) components of complex magnetic susceptibility.
A low steady heating rate allowed simultaneous
measurement at four di¡erent frequencies covering
the approximate range 18^1800 Hz with an AC ¢eld
of 1.00 Oe (rms). There was a 2% variation of the
¢eld strength over the range of frequencies studied.
Filtering of the quadrature components was per-
formed to remove a large absorption peak due to
di¡erential heating of the sense coils. Peak suscepti-
bilities were measured to better than 4% accuracy as
determined by measurements on standard paramag-
netic salts. Temperatures were controlled to within
þ 0.1 K.
Mo«ssbauer spectra of each sample were recorded
in transmission geometry using a 57Co in rhodium
foil source. The source was driven at constant accel-
eration from approximately 313 to approximately
+13 mm/s with a double ramp waveform. Spectra
were subsequently folded to eliminate the parabolic
background due to variation in the solid angle sub-
tended by the detector window about the source. The
resulting spectra consisted of 250 data points with a
background count of between 2U104 and 6U107 per
channel. The counting time was determined by the
quantity of iron in the sample. The velocity scale was
calibrated with reference to the spectrum of an K-
iron foil at room temperature, the center of the spec-
trum being taken as zero velocity. Each sample was
packed into a perspex sample holder. Sample temper-
atures above 4.2 K were maintained using a closed
cycle helium gas expansion refrigerator (Air Products
DE202 Expander Module), while sample tempera-
tures of 4.2 K and below were obtained using a
pumped liquid helium bath cryostat.
4. Results
The iron concentrations in each of the freeze dried
samples are given in Table 1 along with the mass of
sample used for each AC-magnetic susceptometry
measurement.
4.1. Horse spleen ferritin
The variations of MP and MQ in the temperature
range 5^300 K for horse spleen ferritin at four di¡er-
ent measurement frequencies are shown in Fig. 1.
Both MP and MQ peak at temperatures in the range
12^21 K. The MP data display frequency dependence
below approximately 40 K, while above approxi-
mately 40 K, MP appears to be frequency independ-
ent. The temperature of the maximum in MP increases
with frequency (Figs. 1 and 2). The temperature of
the peak represents a characteristic blocking temper-
ature (TB) for the sample at the given frequency of
measurement, MP decreasing below this temperature
because of the blocking of the magnetic moments of
some of the particles within the sample. The meas-
ured characteristic blocking temperatures at each fre-
quency were described well by Eq. 2 and ¢tting of
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this function to the data (Fig. 2) yielded character-
istic values for E0 and f0 as given in Table 1. The
errors quoted are deduced from the linear regression
¢t of Eq. 2 to the data points.
The imaginary, or quadrature, component of the
AC-magnetic susceptibility, MQ, is described well by a
log-normal function of temperature (Fig. 1). Fitting
the function
M 00T  M 00m exp 3lnT3lnTm
2
2vlnT2
 
8
to the data yielded values for vlnT for each fre-
quency (0.508 at 18 Hz, 0.535 at 41 Hz, 0.529 at
181 Hz, and 0.517 at 891 Hz). vlnT, which approx-
imates the half-width at half-height of the log-normal
curve, characterizes the width of the peak in MQ and
did not vary signi¢cantly with frequency over the
range measured. Above 60 K, MQ is essentially zero,
indicating that the sample is completely unblocked at
the frequencies being measured. Thus, above 60 K,
all particles in the sample are behaving superpara-
magnetically.
The MP data between 60 and 150 K were ¢tted well
by Eq. 7 (Curie^Weiss law) yielding a value for ap of
39 þ 1 K. Above 150 K, the data diverge gradually
from Curie^Weiss law behavior, giving a lower mag-
netic susceptibility than predicted.
4.2. Dugong liver hemosiderin and thalassemic human
spleen ferritin
The variations of MP with temperature at 181 Hz
for the dugong liver hemosiderin and thalassemic
human spleen ferritin are shown in Fig. 3 together
with the data for horse spleen ferritin. The data are
normalized with respect to iron content of the sam-
ples. The data for the dugong liver hemosiderin and
human spleen ferritin are qualitatively similar to
those for the horse spleen ferritin with similar char-
acteristic blocking temperatures. The human spleen
ferritin data show a peak at a slightly lower temper-
ature compared with the horse spleen ferritin data,
while the dugong liver hemosiderin data show a
much broader peak than the horse spleen ferritin
data. The magnetic susceptibilities per gram of iron
in the sample for the human spleen ferritin and du-
gong liver hemosiderin are lower than those meas-
ured for the horse spleen ferritin. The characteristic
blocking temperatures measured for the dugong liver
Fig. 1. Variation of the in-phase (MP) and quadrature (MQ) com-
ponents of magnetic susceptibility with temperature at applied
AC-magnetic ¢eld frequencies of 18.1, 41.3, 181, and 891 Hz
for horse spleen ferritin.
Table 1
Masses and iron concentrations of freeze-dried samples used in AC-magnetic susceptometry measurements
Mass
(mg)
Iron concen-
tration (% w/w)
E0/kB
(K)
ln f0 f0
(1011 s31)
vlnT ap (K)
Horse spleen ferritin 52 23 400 þ 7 25.6 þ 0.4 1.4 0.522 þ 0.006 39 þ 1
Dugong liver hemosiderin 25 15 330 þ 70 24 þ 4 0.36 0.76 þ 0.05 330 þ 5
Thalassemic human spleen ferritin 33 1.7 220 þ 50 18 þ 3 0.0007 0.64 þ 0.06 325 þ 10
Thalassemic human spleen
hemosiderin
59 14 ^ ^ ^ ^ ^
E0 and f0 are derived from ¢tting Eq. 2 to the characteristic blocking temperatures of the samples at each measurement frequency
and represent a characteristic magnetic anisotropy energy and the pre-exponential factor in the Ne¤el^Arrhenius equation, respectively.
vlnT is obtained by ¢tting Eq. 8 to the imaginary component of the AC-magnetic susceptibility (MQ) at di¡erent temperatures and is a
measure of the width of the peak in MQ against temperature (Fig. 4). Values of vlnT are the mean þ the standard error for the values
measured at each frequency.
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hemosiderin and human spleen ferritin at each fre-
quency were described reasonably well by Eq. 2 and
¢tting of this function to the data (Fig. 2) yielded
characteristic values for E0 and f0 as given in Table
1. The errors quoted are deduced from the linear
regression ¢t of Eq. 2 to the data points in each
curve (Fig. 2). The errors were somewhat larger
than those deduced for the horse spleen ferritin.
This is because the lower mass of sample available
and the lower concentration of iron in these two
samples result in a weaker signal and hence greater
scatter in the data.
The variations of MQ with temperature at 181 Hz
for the dugong liver hemosiderin and human spleen
ferritin samples are shown in Fig. 4 and are com-
pared with the data for horse spleen ferritin. As in
the case for the horse spleen ferritin, the data can be
¢tted well with a log-normal curve (Eq. 8) yielding
values of vlnT which are given in Table 1. The hu-
man spleen ferritin shows a broader peak than the
horse spleen ferritin while the dugong liver hemosi-
derin shows a broader peak still. MQ is essentially zero
above approximately 70 K for the dugong liver he-
mosiderin and above about 60 K for the human
spleen ferritin, indicating that they are fully un-
blocked above these temperatures at the frequencies
measured.
As such, the MP data in the regions above 70 and
60 K for the dugong liver hemosiderin and human
spleen ferritin, respectively, were compared with the
Curie^Weiss law. Values of ap derived from ¢ts of
Eq. 7 to the data in these regions of temperature
were somewhat dependent on the upper limit of the
temperature range chosen, but gave approximate val-
ues as shown in Table 1. However, there were
marked deviations from Curie^Weiss law behavior
above approximately 200 K for the dugong liver he-
mosiderin and 100 K for the human spleen ferri-
tin.
Fig. 4. Variation of quadrature component of magnetic suscept-
ibility (MQ) with temperature at an applied AC-magnetic ¢eld
frequency of 181 Hz for horse spleen ferritin (a), dugong liver
hemosiderin (U), and thalassemic human spleen ferritin (E).
The curves indicate log-normal ¢ts to the data.
Fig. 3. The variation of in-phase (MP) magnetic susceptibility
with temperature at an applied AC-magnetic ¢eld frequency of
181 Hz for horse spleen ferritin (a), dugong liver hemosiderin
(U), thalassemic human spleen ferritin (E), and thalassemic hu-
man spleen hemosiderin (R).
Fig. 2. Logarithm of frequency (f) of applied AC-magnetic ¢eld
against inverse of the temperature (TB) of the maximum in MP
for horse spleen ferritin (a), dugong liver hemosiderin (U), and
thalassemic human spleen ferritin (E). The straight lines are ¢ts
of Eq. 2 to the data.
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4.3. Crude thalassemic human spleen hemosiderin
The variation of MP at 181 Hz for the crude tha-
lassemic human spleen hemosiderin is shown in Fig.
3. The data are normalized with respect to the iron
content of the sample. The behavior of MP with tem-
perature is quite di¡erent from the other three sam-
ples in that there is no peak corresponding to block-
ing of particle magnetizations. MP continually drops
from its highest value at 5 K as the temperature is
raised. Measurement of MQ showed no signal above
the noise thus indicating that the material is para-
Fig. 6. Mo«ssbauer spectra of: (a) horse spleen ferritin at 16 K;
(b) dugong liver at 17 K (data originally published in [14]) ; (c)
L-thalassemia/Hb E human spleen ferritin at 4.2 K; and (d) L-
thalassemia/Hb E human spleen hemosiderin at 1.3 K (data
originally published in [12]). The error bars on the data points
are given by N1=2 where N is the number of Q-ray counts for
the data point.
Fig. 5. Mo«ssbauer spectra of: (a) horse spleen ferritin at 100
K; (b) dugong liver at 200 K (data originally published in
[14]) ; (c) L-thalassemia/Hb E human spleen ferritin at 78 K
(data originally published in [13]) ; and (d) L-thalassemia/Hb E
human spleen hemosiderin at 78 K (data originally published in
[12]). The error bars on the data points are given by N1=2 where
N is the number of Q-ray counts for the data point.
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magnetic or superparamagnetic over the entire tem-
perature range in which measurements were made.
4.4. Mo«ssbauer spectroscopy
Mo«ssbauer spectra of the four samples are shown
in Fig. 5 (high temperatures) and Fig. 6 (low temper-
atures). At the higher temperatures, all of the sam-
ples yield a spectrum consisting of a quadrupole-split
doublet. There is no evidence for magnetic-hyper¢ne-
¢eld splitting at these higher temperatures. At the
lower temperatures, the horse spleen ferritin, dugong
liver hemosiderin, and human spleen ferritin yield
spectra that are mainly comprised of a sextet of
peaks due to magnetic-hyper¢ne-¢eld splitting. The
horse spleen ferritin and dugong liver spectra, which
were measured at 16 and 17 K, respectively, also
exhibit a minor spectral component in the form of
a quadrupole-split doublet near the center of the
spectra. The human spleen hemosiderin, however,
consists of a quadrupole-split doublet only even at
a temperature as low as 1.3 K. No magnetic-hyper-
¢ne-¢eld splitting is observed at 1.3 K.
5. Discussion
The low-frequency AC-magnetic susceptibility of
the horse spleen ferritin can be understood in terms
of the well-documented [2,19^24] superparamagnetic
behavior of this iron-storage protein. The peaks in MP
and MQ are due to the blocking of particle magnet-
izations (on the time scale of the measurement) by
the magnetic anisotropy energy. The widths of the
peaks are related to the distributions in magnetic
anisotropy energy barrier heights. The non-zero MQ
signals are indicative of a time-lag of the order of
the inverse-frequency of measurement (i.e. between
approximately 0.001 and 0.06 s) between the change
in applied ¢eld and change in magnetization of some
of the particles present in the sample. This signal is
due to the particles in the sample that have neither
fully blocked nor fully unblocked magnetizations,
but show time-dependent magnetization on the time
scale of the measurement (inverse frequency). MQ is
zero above about 60 K indicating that above this
temperature all particle magnetizations in the sample
are fully unblocked and are thus behaving superpara-
magnetically. This is consistent with the observation
that the MP data are frequency independent above this
temperature, i.e. MP depends on ¢eld only since there
is no longer any observable time-lag between mag-
netization of particles and applied ¢eld. It is also
consistent with the Curie^Weiss law description of
MP above 60 K and up to 150 K. The deviation
from Curie^Weiss law behavior above 150 K is prob-
ably due to a more rapidly changing moment per
particle as the temperature is raised towards the
Ne¤el temperature of the iron(III) oxyhydroxide par-
ticles [24]. The small, but negative, value of ap ob-
tained from the ¢tting of the Curie^Weiss law to the
data suggests that there may be weak particle^par-
ticle interactions favoring antiparallel alignment of
the particle magnetic moments in the powder sample.
Evidence for such interactions between horse spleen
ferritin particles has been reported previously [25].
The shift in the peak of MP to higher temperatures
at higher frequencies is in accordance with the Ne¤el^
Arrhenius relation. By ¢tting Eq. 2 to the character-
istic blocking temperature, a characteristic magnetic
anisotropy energy barrier and attempt frequency are
obtained (Table 1) which are comparable with values
obtained for horse spleen ferritin in previous studies
(E0 = 318 K and f0 = 1011 s31 [23]; f0 = 1012 s31 [21]).
The qualitative similarity between the AC-mag-
netic susceptibility data for the dugong liver hemosi-
derin, human spleen ferritin and horse spleen ferritin
is in accordance with the superparamagnetic behav-
ior previously observed for all three of these samples
with Mo«ssbauer spectroscopy [13,14]. Details of the
interpretation of the Mo«ssbauer spectra of ferritin
and hemosiderin can be found elsewhere [2]. In sum-
mary, the doublet signals, as seen at higher temper-
atures, (Fig. 5) arise from iron in paramagnetic or
unblocked superparamagnetic particles on the Mo«ss-
bauer measurement time scale of 1038 to 1039 s,
while the sextet signals as seen in Fig. 6a^c arise
from iron in blocked particles. At intermediate tem-
peratures, there is a coexistence of the doublet and
sextet signals due to the fact that there is a distribu-
tion of magnetic anisotropy energies within the sam-
ple resulting in some particles being blocked and
some unblocked. The spectra of the horse spleen fer-
ritin at 16 K and the dugong liver tissue at 17 K (Fig.
6a,b) are measured at su⁄ciently high temperature to
observe such a coexistence. The spectrum of the hu-
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man spleen ferritin at 4.2 K shows all particles in the
system being blocked.
The broader peaks in MP and MQ observed for the
dugong hemosiderin compared with those for the
horse spleen ferritin and human spleen ferritin are
consistent with the broader temperature range of co-
existence of doublet and sextet in the Mo«ssbauer
spectra of the dugong liver tissue [14] compared
with the other two samples [13]. The coexistence of
doublet and sextet for the dugong liver spans the
temperature range 17^160 K compared with 16 to
60 K for the horse spleen ferritin and 12^50 K for
the human spleen ferritin. The magnitude of these
ranges and the widths of the MP and MQ peaks are
measures of the range of magnetic anisotropy energy
barriers present within the samples.
The lower value of MPm normalized to iron content
in the sample for the dugong liver hemosiderin com-
pared with the horse spleen ferritin and human
spleen ferritin may be related to the fact that the
mineral structure of the dugong liver hemosiderin is
based on that of defect goethite, while the mineral
structures of the two ferritins are based on that of
ferrihydrite. Electron di¡raction and microscopy
data [26] show that the dugong liver iron deposits
are more crystalline and have a larger particle size
than the ferritins and therefore would be expected to
have fewer uncompensated spins per mole of iron.
The characteristic values of E0 for the horse spleen
ferritin, dugong liver hemosiderin, and human spleen
ferritin derived from ¢ts of Eq. 2 to the characteristic
blocking temperature are within a factor of two of
each other and are also within a factor of two of
values estimated for horse spleen ferritin by other
workers (E0/kB = 288 K; 254 K; 318 K) [21^23].
The rather large value of 400 K that we have meas-
ured for E0/kB for horse spleen ferritin may possibly
be due to particular characteristics of the sample of
horse spleen ferritin studied. The characteristic val-
ues of lnf0 for the dugong liver hemosiderin and
human spleen ferritin derived from ¢ts of Eq. 2 to
the characteristic blocking temperature have rather
large errors associated with them resulting in very
large errors in derived values of f0. As such, it is
not possible to make detailed interpretations of these
values.
For both the dugong liver hemosiderin and human
spleen ferritin, the best ¢t of the Curie^Weiss law to
the MP data was in the temperature range immediately
above the temperature at which the MQ data reduced
to zero (approximately 70 and 60 K, respectively).
Again the data started to deviate from Curie^Weiss
law behavior at higher temperatures (approximately
200 and 100 K, respectively) probably indicating a
more rapid change in the moment per particle with
increasing temperature. The small, but negative, val-
ues of ap for the dugong liver hemosiderin and hu-
man spleen ferritin also suggest weak interactions
between the particles. The precise value of ap is
somewhat dependent on the upper temperature limit
used for ¢tting of the Curie^Weiss law to the MP data
and therefore the errors on these values are reason-
ably large. However, the larger value for the dugong
liver hemosiderin may be related to the close contact
observed between the mineral particles of that sam-
ple because of the denser packing of particles com-
pared with the ferritins [14,26].
The AC-magnetic susceptibility data for the hu-
man spleen hemosiderin is qualitatively di¡erent
from those for the other three samples studied. The
indication of paramagnetic or superparamagnetic be-
havior over the entire temperature range measured is
consistent with Mo«ssbauer spectral measurements on
the same sample [12]. The Mo«ssbauer spectrum of
this sample shows no indication of blocking even
down at a temperature of 1.3 K (Fig. 6d). The fact
that no blocking is observed in this sample at 1.3 K
on an observation time scale of 1038 to 1039 s is
highly suggestive that this sample is paramagnetic
rather than superparamagnetic down to 1.3 K. This
implies extremely weak exchange interactions be-
tween the iron atoms of the sample. Similar weak
interactions have been observed in the non-crystal-
line biomineralized particles in some bacterial ferri-
tins [27,28].
For the quadrature component of the AC-mag-
netic susceptibility to be non-zero, the origin of the
signal must show magnetic hysteresis on the time
scale of the order of the inverse frequency of meas-
urement. As such, diamagnetic and paramagnetic
species cannot contribute to the quadrature compo-
nent signal. This signal must be due to magnetically
ordered material. The only such materials in mam-
malian tissue that ¢t this description are the iron
oxide deposits. Hence, the quadrature signal from
an AC-magnetic susceptometry measurement of a
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tissue sample must give information about the mag-
netic properties of the iron oxide deposits within the
tissue. It is well established that the magnetic proper-
ties of tissue iron oxide deposits re£ect their solid
state structure [2,7,8,28,29]. As such, AC-magnetic
susceptometry could play a role in elucidating the
types of biogenic iron oxides present in mammalian
tissues in situ.
In summary, AC-magnetic susceptometry has been
shown to give information on the temperature-de-
pendent magnetic properties of ferritins and hemosi-
derins which can be used to elucidate their structural
properties. The data complement those of Mo«ssbauer
spectral measurements in that the kinetics of magnet-
ization are observed on a time scale several orders of
magnitude greater. In addition, the time needed to
make an AC-magnetic susceptometry measurement is
much shorter than that needed for a Mo«ssbauer
measurement, thus allowing more closely spaced
data points in a temperature scan. It may be a
more appropriate method for the study of ferritins
and hemosiderins if a large number of samples were
needed to be examined.
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